Context. The study of the motion of the members of a given open cluster or stellar association provides key information about their formation and early evolution. The Chamaeleon cloud complex constitutes one of the closest and best studied low-mass star-forming regions in the Galaxy. Aims. We want to provide further evidence of the origin of the proposed stellar members of Chamaeleon and to identify interlopers from the foreground Cha and η Cha associations. Methods. We compile lists of spectroscopically confirmed members of Chamaeleon I and II, Cha and η Cha, and of background objects in the same line of sight. Using Virtual Observatory tools, we cross-match these lists with the UCAC3 catalogue to get the proper motions of the objects. In the vector point diagram, we identify the different moving groups, and use this information to study the membership of proposed candidate members of the associations from the literature. For those objects with available radial velocities, we compute their Galactic space velocities. We look for correlations between the known properties of the objects and their proper motions. Results. The members of the dark clouds exhibit clearly different proper motions from those of the foreground associations and of the background stars. The data suggest that Chamaeleon II could have different dynamical properties from Chamaeleon I. Although the two foreground clusters and η Chamaeleontis constitute two different proper motion groups, they have similar spatial motions, which are different from the spatial motion of Chamaeleon I. On the other hand, the space motions of the Chamaeleon II stars look more similar to those of the foreground clusters than to the Chamaeleon I stars, but the numbers are low. We find no correlations between the proper motions and the properties of the objects in either of the clouds. Conclusions. On the basis of proper motion, Chamaeleon I and II constitute two physical entities unrelated to the foreground and η Chamaeleontis clusters, but with the available data it is unclear to what extent the stellar populations in both clouds are physically connected to each other.
Introduction
The kinematic properties of the members of a given stellar association hold important clues to its history. Some formation models predict that the early dynamical evolution of the parent protostellar cluster should lead to mass-dependent kinematic distributions, and, eventually, to an efficient mass segregation (Kroupa & Bouvier 2003) , while other numerical simulations predict similar kinematic properties over the whole mass spectrum (? Bate 2012) . Various authors have used radial velocity measurements to study the kinematic properties of young low-mass objects (e.g. Jeffries et al. 2006; Maxted et al. 2008) , and a number of surveys have used proper motions to identify and confirm new lowmass members in young associations and clusters (e.g. Moraux et al. 2001; Kraus & Hillenbrand 2007; Bouy & Martín 2009; Caballero 2010) . In particular, our recent proper motion study of the Lupus star-forming region shows that it is possible to distinguish between probable low-mass members of the complex and likely contaminants using kinematic information from available astrometric catalogues (López Martí et al. 2011, hereafter LJS11) .
The Chamaeleon complex is one of the closest and best studied low-mass star-forming regions. At an estimated distance in the range 115-215 pc, it is composed of three dark clouds, named Chamaeleon I, II and III (Schwartz 1977; Schwartz et al. 1991) . The oldest one is Chamaeleon I, with a mean age of about 2 Myr; it contains more than 300 known young stars (see Luhman 2008 , for the latest census), most of them clustered in two cloud cores containing two intermediate-mass stars, HD 97048 and HD 97300. Chamaeleon II seems to be at an earlier stage of evolution than Chamaeleon I, because it contains more embedded than visual objects (Gauvin & Strom 1992) . Surveys by several authors have identified more than 60 stars in this cloud Alcalá et al. 2008, and references therein) . No active star formation seems to be taking place in Chamaeleon III.
The Chamaeleon clouds have also been the target of kinematic studies, generally based on radial velocities and focused on the brightest stars in the complex (e.g. Dubath et al. 1996) . The exceptions are a few very low-mass stars and brown dwarf candidates in Chamaeleon I (Joergens 2006, and references therein) . Proper motion and parallax information from Hipparcos has been used to assess the origin of the star formation in the clouds and their relation to other neighbouring associations (Sartori et al. 2003) . X-ray observations during the past two decades, combined with Hipparcos astrometry, have shown that the young stars observed towards the Chamaeleon sky area can be grouped into several distinct associations: the Chamaeleon dark cloud complex itself, and the foreground (at around 100 pc) Chamaeleontis ( Cha) and η Chamaeleontis (η Cha) young associations (Feigelson et al. 2003; Mamajek et al. 1999) . The observations have shown that these two associations are older than the Chamaeleon star-forming complex (∼15-20 Myr), but it is unclear whether there is a relation between the two, or whether they are somehow related to the dark clouds.
In this paper, we make use of proper motions from the Third US Naval Observatory CCD Astrograph Catalog (UCAC3; Zacharias et al. 2010 ) and of Virtual Observatory 1 (VO) tools to investigate the kinematic properties of members and candidate members of the Chamaeleon dark clouds. Our goals are to provide further evidence of a common origin for all these objects and to test their association with the dark clouds and between the clouds themselves.
Available data

Object compilation
We compiled a list of Chamaeleon confirmed members (through spectroscopy) from the literature. For Chamaeleon I, we retrieved the list from the most recent census by Luhman (2007) , and completed it with the eight new members reported by Luhman & Muench (2008a) . The final list contained 304 objects down to R = 24 mag, with extinctions in the range A V 0-20 mag). For Chamaeleon II, we used the list of confirmed members from Spezzi et al. (2008) , which includes all objects studied in previous works. In total, we had 41 Chamaeleon II spectroscopically confirmed members, with R-band magnitudes down to about 23 mag and extinctions in the range A V 0-11 mag.
To assess how clearly we can separate the different populations based on the available proper motions, and to check the possible presence of interlopers from the foreground clusters in our Chamaeleon I and II lists, we compiled two lists of members for the Cha and η Cha associations, merging the catalogues provided by and Fernández et al. (2008) for both groups, and adding the objects from the lists by Luhman & Steeghs (2004) in η Cha and by da Silva et al. (2009) in Cha. Membership of these objects in the corresponding cluster has been confirmed by several different means, including spectroscopy and proper motions. The final compiled lists contained 36 stars in Cha and 20 in η Cha down to R ∼ 18 mag. No estimations of extinction are available for these stars, but their location outside areas of dense dust suggests that it is very low in most cases.
For control purposes, we also considered the list of 88 background sources from Table 4 of Luhman (2007) . These objects were initially proposed in the literature as Chamaeleon I members, but they were later discarded through spectroscopy.
We note that the magnitude limit of most of these compilations is much fainter than the UCAC3 magnitude limit (see Sect. 2.2 below); therefore, a significant fraction of objects are not expected to have counterparts in that catalogue. Since the faintest objects are also the lowest mass ones, and given that the substellar mass limit is estimated to be around R ∼ 21 mag at the age and distance of the Chamaeleon clouds, this implies that only stellar members of the associations will have measured proper motions. In particular, the objects at the substellar boundary studied by López in Chamaeleon I and Barrado y Navascués & Jayawardhana (2004) in Chamaeleon II are not included in UCAC3.
In a second step in our study, we also investigated those candidate members of the Chamaeleon associations from the literature whose true nature is still unclear. This list included 63 Xray emitting stars unveiled by the ROSAT mission (Alcalá et al. 1995 ) that remained unclassified, as well as some objects from other previous works still lacking spectroscopic confirmation of youth: the list of uncertain objects provided by Luhman et al. (2004, his Table 8 ; 21 objects) for Chamaeleon I, and the candidate members of Chamaeleon II without spectroscopic confirmation of membership from Spezzi et al. (2008, 11 objects) and the DENIS survey (Vuong et al. 2001, 41 objects) .
In total, our list of unconfirmed candidates amounted to 136 objects (63 ROSAT stars and 73 objects from other works), but the vast majority of them are too faint to be included in the proper motion study, and only a handful of them have proper motion measurements available in UCAC3, as explained in Sect. 4.
Proper motion data
To get proper motion measurements, we cross-matched our compiled catalogues with the UCAC3 catalogue, available within the Virtual Observatory. This is an all-sky survey containing about 100 million objects, 95% of them with proper motions, covering a dynamical range of about 8-16 mag in a single bandpass between V and R. Its positional accuracy is about 15 to 100 mas per coordinate, depending on magnitude. The proper motion errors range from 1 to 10 mas/yr, depending on magnitude and observing history.
As in our previous work on Lupus (LJS11), we followed a VO-based methodology to cross-match and analyse the data. We made use of the Multiple Cone Search utility of TOPCAT 2 . A matching radius of 2 was used. We retained all sources whose proper motion errors were not set to zero, which had been computed using more than two epoch positions, and which had an object classification flag (ot) between 0 and 3. After purging the data in this way, the number of counterparts with proper motion data in Chamaeleon I and II were 81 and 25 (corresponding to the 27% and 61% of the total number of stars included in our compiled lists), respectively. In addition, UCAC3 provided proper motions for 19 objects in Cha and 12 in η Cha, respectively (53% and 60% of the compiled lists, respectively). As for the background sources, the number of objects with available proper motions was 52 (59%). These samples were further cleaned by removing bad proper motion measurements and interlopers identified during the analysis (see Sect. 3 for details). The proper motion data for the members of the dark clouds, the foreground clusters, and the contaminants are presented in Tables 1, 2, and 3, respectively. In LJS11, a comparison of the cross-matching results of the Lupus catalogues with different astrometric catalogues (USNO-B1, SuperCOSMOS, PPMX) led to the conclusion that UCAC3 provided the best compromise between the number of counterparts (dependent among others on the magnitude limit of the catalogue) and the typical proper motion errors. For the present work, we further compared the analysis presented in Sect. 3.1 with the results obtained using the recently released PPMXL catalogue (Röser et al. 2010) . Although this catalogue is deeper in magnitude than UCAC3, and thus included much more sources from our initial member lists, it was not possible to distinguish the different populations due to the larger errors in the proper motions for most of the objects. Thus, we concluded that UCAC3 is still the best option available for our study.
Complementary data
Radial velocities
Aiming at better insight into the kinematics of the members of the Chamaeleon associations, we combined the UCAC3 proper motions with radial velocity measurements from the literature Joergens & Guenther 2001; Biazzo et al. 2012) and from the SIMBAD database. We only considered measurements with errors better than about 30%. If several measurements were available for the same star, the average was computed. Known and suspected spectroscopic binaries were discarded.
Our final sample contains radial velocity information for 18 stars in Chamaeleon I and nine in Chamaeleon II. These data are summarized in Table 1 . We also retrieved radial velocity data for 15 stars in the Cha association and four stars in the η Cha association, which are listed in Table 2 . We also considered radial velocities from Covino et al. (1997) for the candidate members of the associations discussed in Sect. 4.1.
Photometry
We compiled multiwavelength photometry for the confirmed members and candidate members of the Chamaeleon associations discussed in this work. Most of the data were retrieved using the latest version of the VO SED Analyzer tool 3 (VOSA; Bayo et al. 2008, submitted) . They include ultraviolet photometry from GALEX (Bianchi & GALEX Team 2000) , optical photometry (B, V and I) from the Tycho-2 and DENIS catalogues DENIS Consortium 2005) , near-infrared photometry from 2MASS (Skrutskie et al. 2006) , and mid-infrared photometry from AKARI and WISE Cutri & et al. 2012) .
More photometry data from the literature were retrieved through the VizieR catalogue service (Ochsenbein et al. 2000) . For Chamaeleon II members and candidate members, we retrieved the compilation of optical and infrared photometry by Alcalá et al. (2008) , which includes Johnson U-band data from Hughes & Hartigan (1992) , Cousins R C I C and Sloan z photometry from Spezzi et al. (2007) , and mid-and far-infrared photometry from IRAS and from the "cores to disks" (c2d) Spitzer legacy programme (Evans et al. 2003) . 4 For Chamaeleon I members and candidate members, we retrieved the Spitzer/IRAC and MIPS 24 µm photometry provided by Luhman & Muench (2008a) . Optical photometry from the survey by López was also included in the data compilation for this cloud, as well as IRAS fluxes for three objects. The photometric information is summarized in Table 4 . 
Kinematic groups towards Chamaeleon
3.1. Identification of proper motion groups Figure 1 shows the vector point diagram for the young sources seen towards the Chamaeleon sky area that are included in the UCAC3 astrometric catalogue. In Fig. 2 we can see the histograms of the total proper motion modulus for the Chamaeleon I and II members, for the members of the foreground associations, and for the known background contaminants. As expected, the young objects are clearly separated from the older background objects in these plots, and several distinct kinematic groups can be seen, which correspond to different spatial locations in the sky (see Fig. 3 ).
The spectroscopically confirmed members of Chamaeleon I (hereafter "the Cha I moving group") are clustered in the same area of the vector-point diagram, roughly around the position (−19, +2) mas/yr. The Chamaeleon II objects, on the other hand, are seen mostly clustered around the position (−25, −7) mas/yr, slightly shifted from the Chamaeleon I sources (Fig. 1) . This seems to suggest that these objects (hereafter "the Cha II moving group") are moving, on average, faster than the Chamaeleon I stars in the tangential direction. This is also seen in the shift of the peak of the total proper motion distribution in Chamaeleon II with respect to Chamaeleon I (Fig. 2) . If real, this result is interesting, because all estimations in the literature place Chamaeleon II at the same distance or further away than Chamaeleon I; hence, the difference in proper motion between both populations cannot be attributed to distance. However, the difference in mean proper motions is of little significance owing to the low number of Chamaeleon II sources with measured proper motions, and to the large dispersion.
The two foreground associations form in turn two distinct kinematic groups in the vector point diagram, which are clearly different from those in the dark clouds. The mean UCAC3 proper motions for these two groups are in good agreement with previously published values (Kharchenko et al. 2005; Wu et al. 2009 ). Interestingly, the total proper motion is very similar in both associations, as shown by the histograms in Fig. 2 . As shown later in Sect. 3.3, the radial velocities of the stars in both clusters are also very similar.
Finally, with a few exceptions, the objects classified as background contaminants have lower proper motion values than any of the young moving groups and are clustered in a different location of the vector point diagram. This confirms our ability to distinguish members and non-members of the Chamaeleon associations with the UCAC3 data. Even so, the separation between the groups is not complete, and there is some overlapping between young stars and contaminants and between young stars from different groups.
A few spectroscopically confirmed members from both Chamaeleon clouds present UCAC3 proper motions that are clearly discrepant from those of their attributed associations. To check the reliability of the reported measurements, we followed the same procedure as in LJS11: Using Aladin, we visually inspected these objects, blinking and comparing two sets of images separated several decades in time, from the optical POSS and the near-infrared 2MASS surveys (Skrutskie et al. 2006) . The 2MASS sources and the UCAC3 counterparts were superimposed on the images to assess the reliability of the cross-match. Besides, we used other available astro-photometric databases, namely the Astrographic Catalogue AC2000.2 (Urban et al. 1998 ) and the SuperCOSMOS Sky Survey (Hambly et al. 2001) to verify the peculiar proper motions, and the USNO-B Catalog (Monet et al. 2003 ) and the PPMX and PPMXL catalogues (Röser et al. 2008 (Röser et al. , 2010 for comparison. This procedure showed that the clearly discrepant proper motions were mostly caused by errors in the measurements, mainly from centroiding errors or source confusion. A rough estimation of the proper motions of the objects, based on the comparison of the positions measured by the different catalogues, and with the motion of other nearby cloud members, suggests that most of them have proper motions in relatively good agreement with the corresponding moving groups.
The reliability of the proper motions is difficult to assess in some cases (e.g. HD 104237D and E) because these sources are part of visual binaries or multiples not always resolved in the images. And in a few cases (e.g. CW Cha), we could not test the proper motions in this way because SuperCOSMOS provides no data for the stars, or else the data were wrong. The sources with clearly wrong proper motions (7 from Chamaeleon I and 2 from Chamaeleon II) were removed from the vector point diagram of Fig. 1 . They were also excluded from Tables 1 and 2 . Objects with dubious proper motions (because they could not be tested or the checks were unconclusive) were not removed from the tables, but a flag was added.
We also identified four spectroscopically confirmed members (2MASS J11183572-7935548, CM Cha, Sz 60W, and CP-68 1388) whose UCAC3 proper motions seem to be right but do not agree with the means of their attributed associations; these interlopers are discussed in Sect. 3.4 below.
Stars with Hipparcos and Tycho measurements
Five Chamaeleon I and three Cha bona fide members from our UCAC3 samples have proper motion and parallax measurements provided by the latest Hipparcos reduction (van Leeuwen 2007) . In addition, six Cha and two η Cha members have proper motions from the Tycho catalogue . These data are summarized in Table 5 , together with the parallax, if available, and the distance derived from it. We used this information as a further check of the accuracy of the UCAC3 measurements.
We note that the proper motions of bright stars in UCAC3 are based on about 140 catalogues, including Hipparcos and Tycho. Colours as in Fig. 1 . Also shown are the expected displacement of these objects within 10 5 Myr. The background image is a dust map by Schlegel et al. (Schlegel et al. 1998 ). Only objects with reliable proper motions are considered.
Therefore, we generally expect good agreement between the UCAC3 measurements and the proper motions listed in Table 5 , as is indeed found. However, problems may have affected the measurements in some of the images used by UCAC3, either due to saturation, nebulosity, or the presence of nearby fainter stars. This seems to be the case for two Chamaeleon I stars (HD 97300 and CW Cha). For these two objects, the Hipparcos proper motions are in much better agreement with membership in the Cha I moving group than the UCAC3 values.
In particular, the membership in the dark cloud of HD 97300 (the intermediate-mass star seen towards the northern core of Chamaeleon I) and its evolutionary status have sometimes been questioned. However, most authors agree that this is most likely a Herbig Ae/Be star similar to HD 97048 in the southern Chamaeleon I core. The proper motion seems to confirm that this star is a member of the Chamaeleon I cloud.
It is also interesting to note that HD 97048 has been included in the catalogue of potential young runaway stars by Tetzlaff et al. (2011) , albeit with not very high probability (61%). However, we notice that the selection by these authors is only based on Hipparcos stars, which are relatively bright. Therefore, the sample used by Tetzlaff et al. (2011) included only a handful of Chamaeleon I members. Indeed, Table 5 shows that the proper motion of this object is lower, in modulus, than the rest of Chamaeleon I stars with Hipparcos or Tycho measurements, what could be interpreted as a hint for a different motion pattern. However, when the larger sample of cloud members provided by the UCAC3 catalogue are considered, HD 97048 does not stand up as having remarkably different kinematical properties from -37.9 ± 2.5 -8. ± 1.6 −37.6 ± 1.7 −7.7 ± 1.6 T RX J1239.4-7502 -40.7 ± 2.8 -13 ± 2.4 −45.9 ± 2.8 −13.6 ± 2.6 T CD-69 1055 -40.9 ± 2.6 -17 ± 1.1 −40.6 ± 2.1 −19.1 ± 2.0 T MP Mus -40.4 ± 1.0 -20 ± 1.6 −40.8 ± 1.6 −23.3 ± 1.6 T η Chamaeleontis cluster EG Cha −27.1 ± 1.0 25.3 ± 1.0 −29.5 ± 2.1 27.6 ± 1.6 T HD 75505 −30.3 ± 1.4 25.0 ± 1.8 −29.9 ± 2.0 27.9 ± 1.7 T
Notes.
a H=Hipparcos (van Leeuwen 2007); T=Tycho b d=discrepant proper motion respect to UCAC3 c The 1997 Main Hipparcos Catalogue provides a parallax π = 15.06 mas for this object (d∼ 66 pc). the rest (see also the discussion in Sect. 6.1). In view of our analysis, we think it unlikely that HD 97048 is actually running away from its birth place. There is also overall good agreement between the individual parallaxes of the stars in Table 5 and the usually quoted distances to the associations.The only possible exception is T Cha, whose Hipparcos parallax suggests a greater distance. However, given the large error, this estimation is still consistent with membership to the Cha cluster (but see also discussion in Sect. 5). Figure 4 shows two plots of the radial velocities versus the proper motion components of the stars. With a couple of exceptions, all the objects from the same proper motion group display similar radial velocities, and are therefore clustered in these diagrams. The radial velocity data therefore confirm that there is a physical relationship between these stars. However, given that all the associations have similar mean radial velocities, in the range 10-20 km/s, it is not possible to distinguish between members of the dark clouds and of the foreground associations on the basis of radial velocity alone.
Radial velocities of the members of the proper motion groups
The largest individual deviations from the mean group values are observed for EM Cha in the η Cha cluster (V r = 4.3±2 km/s) and GSC 9420-0948 in the Cha cluster (V r = 5 ± 2 km/s). The radial velocities of these stars differ by more than 3σ from the mean cluster values, which challenges their membership to the quoted associations. We therefore flag these objects in Table 2 . Also, T Cha has a reported radial velocity discrepant in more than 2σ from the mean value for the Cha association (V r = 20.0 ± 2.0 km/s). The discrepancy may be related to the presence of an unresolved companion, as there is indeed one reported in the literature (Huélamo et al. 2011 ). We discuss this object further in Sect. 5. 
Group
Arithmetic means Weighted means
(mas/yr) (mas/yr) (km/s) (mas/yr) (mas/yr) (mas/yr) (km/s) Cha I −19.5 ± 4.8 +1.7 ± 3.9 20.0 ± 4.8 14.6 ± 1.2 −20.7 ± 0.3 +0.9 ± 0.3 19.80 ± 0.12 14.02 ± 0.06 Cha II −23.5 ± 5.3 −7.7 ± 2.9 24.9 ± 5.3 12.9 ± 1.6 −23.9 ± 0.7 −7.8 ± 0.7 25.9 ± 0.9 14.5 ± 0.2 Cha −36.8 ± 11.7 −1.7 ± 13.2 39.8 ± 9.3 13.5 ± 2.6 −37.8 ± 0.5 −1.5 ± 0.7 38.5 ± 0.5 11.7 ± 0.2 η Cha −29.1 ± 4.9 +27.4 ± 4.9 40.4 ± 3.4 17.0 ± 1.4 −29.9 ± 0.5 +25.9 ± 0.5 38.69 ± 0.03 14 ± 1
Notes.
a Interlopers and objects with uncertain proper motion measurements have been excluded from the calculations.
Interlopers
Once the proper motion lists are purged from inaccurate measurements, three true interlopers remain, namely one Chamaeleon I object (2MASS J11183572-7935548) and two Chamaeleon II objects (2MASS J11183572-7935548 and CM Cha), whose proper motions seem to be in better agreement with membership to the Cha group. The source 2MASS J11183572-7935548 was included as a Chamaeleon I member in the list of Luhman (2007) . However, in a later work, Luhman et al. (2008) reclassified it as an Cha member on the basis of its UCAC2 proper motion. Our analysis of the UCAC3 data confirms their result. This object is therefore included in Table 2 as a probable member of the Chamaeleontis cluster.
CM Cha had been listed as a Chamaeleon II member by Spezzi et al. (2008) . However, it has UCAC3 proper motion components µ α cos δ = −43.3 ± 10.6 and µ δ = 7.5 ± 9.1 mas/yr. These values are only marginally compatible with the Cha II moving group, and seem to be in better agreement with membership in the foreground Cha association. Unfortunately, AC2000.2 provides no data for this star, and the data provided by SuperCOSMOS are wrong, probably because this object appears blended with other star in the POSS image, so we cannot test its proper motion directly in the way explained above. In the literature we find a reported proper motion of (−60, 21) mas/yr for this object, with a quoted accuracy of 5-10 mas/yr (Teixeira et al. 2000) . The PPMXL catalogue reports a similar value of (−62, 9) mas/yr. These measurements are quite discrepant from the UCAC3 measurement, even when the large errors are considered, but indicate in any case that CM Cha is probably located closer to the Sun than the Chamaeleon II members. On the other hand, there is spectroscopic evidence that the object is young: Spezzi et al. (2008) report an equivalent width for the Li I absorption line of 0.38 Å, which is similar to many other cloud members, but close to the lowest values measured by these authors. (Their range encompasses 0.35 to 0.61 Å, and typical values in star forming regions are in the range 0.3-0.8 Å.) They also report an Hα equivalent width of −29 Å, which is consistent with low accretion. This suggests that, though young, CM Cha is among the most evolved objects in the Spezzi et al. sample. On the other hand, the reported radial velocity for this star (15.9 ± 1.1 km/s; Torres et al. (2006) quite well agrees with the values measured for other stars in the Chamaeleon clouds, but also with the radial velocities reported for Cha members (see Sect. 3.3). The space motion of this star (as computed using the UCAC3 proper motions) also seems to be in better agreement with this cluster (see Sect. 5 below). Taking all this into account, we tentatively reclassify CM Cha as a member of the Cha young association, and list it accordingly in Table 2 . We note, however, that if the proper motion reported by Teixeira et al. (2000) were correct, this star would probably be located even closer to the Sun than the Cha members, and thus could be an unrelated young star from the solar neighbourhood.
The situation is also ambiguous for Sz 60W, because the large error in µ δ makes its UCAC3 proper motion compatible with both the Cha and the Cha II moving groups. This star is part of a binary object with a separation of 3.6 , and the secondary has no UCAC3 counterpart. This may affect the proper motion measurement of the primary, if the system is not completely resolved in the images used by UCAC3 to compute the proper motion, or if source confusion has occurred at some stage. Indeed, secondaries at separations lower than 10 are often not resolved in UCAC3. More precise measurements are required to clarify the nature of Sz 60W, but we note that the spatial location of this source, within the dark cloud (in contrast with CM Cha that is located in the outskirts), suggests a physical connection with Chamaeleon II. For the time being, Sz 60W is listed in Table 1 as a member of this cloud.
In addition, we identify one object, namely CP-68 1388, whose reported UCAC3 proper motion differs from the rest of Chamaeleontis members, and is seen detached from moving group in the vector-point diagram of Fig. 1 . This is due to the value of the proper motion in the δ direction (µ δ = 7.6 ± 2.3 mas/yr), because its µ α cos δ value (−35.8 ± 2.2 mas/yr) and its radial velocity (15.9 km/s) are in good agreement with those of other cluster members. This star was observed by Tycho, and the proper motions reported in Table 5 agree closely with the UCAC3 values (although the Tycho µ δ value is somewhat lower, µ δ = 4.70 mas/yr). The different proper motion and the spatial location of CP-68 1388, to the North of Chamaeleon I and more than 6
• away from the closest Chamaeleontis member, makes its membership to the cluster dubious. It is interesting, however, that this object is placed halfway between the and η Chamaeleontis cluster in the vector point diagram. As shown later in Sect. 5, the space velocities of CP-68 1388 agree well with other stars in both clusters. We therefore keep this object in the list of Cha members for the time being.
VW Cha also deserves some comments. This star has been listed in the literature both as a Chamaeleon I member (Luhman 2007) and as a member of the Cha group (Fernández et al. 2008) . We find that both its spatial location within the Chamaeleon I southern cloud core and its UCAC3 proper motion (µ α cos δ = −19.7 ± 1.3 mas/yr, µ δ = −0.8 ± 3.4 mas/yr) are in better agreement with VW Cha belonging to the dark cloud. The proper motion values reported by SIMBAD (µ α cos δ = −23 mas/yr and µ δ = −7 mas/yr; Teixeira et al. (2000) agree well with our classification. This star also has a reported radial velocity (V r = 17.6 ± 3.3 km/s; Torres et al. 2006 ) that is slightly higher than the mean value for Chamaeleon I, but similar to the values reported for other member stars (see Sect. 3.3).
Final member lists
Once the proper motion lists are purged of incorrect measurements, and once the interlopers assigned to the associations they are likely to belong to, the definitive member lists for the Cha I, Cha II, Cha and η Cha contain 73, 22, 21, and 12 stars, respectively. These are the objects presented in Tables 1 and 2 . These lists still contain objects with dubious measurements that could not be proved wrong, as discussed in Sect. 3.1.
After this analysis, we computed the means of the proper motion and values for the different kinematic groups, which are listed in Table 6 . Interlopers and objects with wrong or dubious proper motion measurements were not considered in the calculations. Because of the large proper motion errors for some of the objects, we also computed the weighted means, which are also given in Table 6 . The values of both the arithmetic and weighted means for each parameter are fully consistent with each other, within the estimated errors. Table 6 also lists the arithmetic and weighted mean radial velocities that we derive for three of the four groups. For the and η Cha clusters, the mean radial velocities are in good agreement with previously published values (Kharchenko et al. 2005; Wu et al. 2009 ).
Proper motions of candidate Chamaeleon members
In the next step, we made an attempt to confirm candidate members of Chamaeleon I and II on the basis of their proper motion. As in our Lupus study, we compared the proper motions of candidate members proposed in the literature with those of the confirmed members.
ROSAT stars
In the 1990s, the ROSAT mission unveiled a dispersed population of X-ray emitting stars towards the Chamaeleon area, but not confined to the dark clouds (Alcalá et al. 1995) . Alcalá et al. (1997) provided the first spectroscopic evidence that these stars were young. Covino et al. (1997) performed radial velocity measurements for most of these stars, showing that the sample included objects belonging to different kinematical populations. This result was confirmed for a subsample of these objects by Frink et al. (1998) combining information from several proper motion catalogues. In addition, these authors used the Hipparcos parallaxes available for some of the stars to show that they were located at different distances(from 60 to about 200 pc). The different stellar populations identified by these authors were thus assigned to the Chamaeleon I cloud, the foreground Cha cluster, or to an undetermined field population. However, many stars remained unclassified owing to the lack of proper motions. Only 18 out of the 81 stars studied by Covino et al. (1997) are included in our compilations of members of the associations seen towards the Chamaeleon area. These objects are flagged in Tables 1 and  2 .
To clarify the nature of the remaining ROSAT sources, we performed the same proper motion analysis on them described in Sect. 3.1. UCAC3 provides proper motion measurements for 38 of these objects, listed in Table 7 . The radial velocities and evolutionary status of these stars according to Covino et al. (1997) are also indicated. We show the vector point diagram for these objects in Fig. 5 , compared to the loci of the known young populations in the Chamaeleon area. We also show the spatial location of the ROSAT sources in Fig. 3 .
The UCAC3 vector point diagram confirms that the ROSAT stars are a mixture of different kinematical populations. From their position on this diagram, some sources present completely discrepant proper motions from any of the moving groups identified in Sect. 3.1. The radial velocity measurements from Covino et al. (1997) confirm that these stars follow a completely different motion pattern with respect to the Chamaeleon associations. Other sources can be nicely assigned to one of the moving groups in the Chamaeleon sky area; however, a few of them are also discarded because their radial velocities, as provided by Covino et al. (1997) , are in complete disagreement with membership to any of the associations, or because their location in the sky does not coincide with that of the group with similar proper motion (especially in the case of the dark clouds). All the ROSAT objects with discrepant proper motions and/or radial velocities are classified as zero-age main sequence (ZAMS) stars or stars of unclear nature by these authors. This left us with 13 stars (11 PMS stars and two stars of unclear nature) whose spatial location, proper motions and radial velocities (except for RXJ1150.4-7704, which has no available radial velocity measurement) all overlap with one of the Chamaeleon moving groups. We assigned two of these objects to the Cha I moving group. The eleven other sources are classified as candidate members of the Cha association (three objects) or the η Cha association (eight objects). We do not find any good Chamaeleon II candidate members. The membership of all these sources is indicated in Table 7 .
In two cases, namely RXJ1123.2-7924 and RX J1158.5-7913, membership in a single association cannot be clearly attributed. The spatial location of these two objects (two PMS stars according to the study by Covino et al. (1997) seems more consistent with membership in the Cha moving group than in either of the dark clouds. However, this is not so straightforward from their UCAC3 proper motions. RXJ1123.2-7924 is located in the vector point diagram closer to the Cha II moving group than to the Cha members, but its proper motion values are still marginally consistent with membership in this group. Given its location in the sky, in the area between the Chamaeleon I and the Chamaeleon III clouds, and about 5
• from the known Chamaeleon II members, we tentatively assign this object to the Cha moving group, and list it in Table 7 . RX J1158.5-7913 is seen towards the small cloud [DB2002b] G300.23-16.89, located halfway between the Chamaeleon I and II clouds and about 2.8
• south-east of the former. The star T Cha and other members and candidate members of the Cha association are also seen in this area. However, the proper motion components of RX J1158.5-7913 (µ α cos δ = −18.3 ± 3.8 mas/yr, µ δ = −3.1 ± 1.9 mas/yr) place this star in the overlapping area between Chamaeleon I and II members in the vector point diagram, but closer to the Chamaeleon I mean value given in Table 6 . This looks completely incompatible with membership in the Cha cluster, even though the radial velocity reported by Covino et al. (V = 13.1 ± 2 km/s) is very close to the mean value we obtain for the Cha members (see Table 6 ). Because the proper motion and radial velocity look consistent with the mean values derived for the Cha I moving group, we tentatively assign RX J1158.5-7913 to this cloud for the time being. More accurate kinematic data will help clarify the nature of this object.
Other candidate members from the literature
Several works have provided lists of candidate members in the Chamaeleon clouds that still lack spectroscopic confirmation of youth. Unfortunately, most of the postulated objects are too faint to be included in the UCAC3 catalogue and, therefore, we cannot test their membership on the basis of their proper motion. There are, however, a few exceptions, which we discuss in this section. The UCAC3 proper motions for these candidates are listed in Table 8 , and they are plotted in the vector point diagram shown in Fig. 5 . provides a list of objects whose membership in Chamaeleon I is uncertain (cf. his Table 8 ), 21 of them lacking confirmation in later works. Only one of these objects has a valid UCAC3 counterpart, namely C1-14, an infrared source first quoted by Prusti et al. (1991) , and also identified with the X-ray source CHX 15a. 6 This object is located within the northern cloud core of Chamaeleon I and, as shown in Fig. 5 , its proper motion is compatible with the Cha I moving group. The spectral type of this source is badly constrained, but quoted in the range F0-A7, which would make it one of the most massive objects in the dark cloud, together with HD 97300 and HD 97048.
In addition to the confirmed Chamaeleon II members, Spezzi et al. (2008) list a number of objects still lacking spectroscopic confirmation of membership to the cloud, but considered likely members on the basis of the multiwavelength photometric analysis reported in a previous work . Only two of these sources have UCAC3 counterparts, namely IRAS 12589-7646 (ISO-Cha II 89) and IRAS 12448-7650. The proper motion for the latter object clearly disagrees with membership in the Cha II moving group, and strongly suggests that IRAS 12448-7650 belongs to the background. As for IRAS 12589-7646, its proper motion (µ α cos δ = −21.2 ± 3.9 mas/yr, µ δ = 7.9 ± 3.9 mas/yr) places this source in the area of the Cha I moving group rather than Cha II. From our own check, however, the proper motion seems to be around (5, 1.1) mas/yr, which would place it in the same area as the background objects in the vector-point diagram. In view of these results, the classification of IRAS 12589-7646 as a Chamaeleon II member is dubious, and we conservatively flag it as "rejected" in Table 8 . 6 In addition to C1-14, SIMBAD lists three other sources within 2 (the value of our cross-matching radius) from the UCAC3 position: CD-75 522, Glass R, and WKK F 32. The former has a reported proper motion suggesting ia foreground star. From the intercomparison of their properties as listed in SIMBAD, we are led to think that Glass R, WKK F 32, and C1-14 must actually be the same object. Table 1 . The proper motion of this object is compatible with Chamaeleon II membership.
Space velocities
We computed the galactic space velocities for the stars (members and candidate members) with available radial velocity measurements. For this purpose we made use of an IDL routine retrieved from the IDL Astronomy Library, 7 originally written by W. Landsman and later modified by S. Koposov. The procedure follows the formulation in Johnson & Soderblom (1987) , except for two details: the U component is positive toward the Galactic anticentre, and the Hipparcos transformation matrix is used. We modified the routine to include the computation of the velocity errors in the way prescribed by Johnson & Soderblom (1987) .
Since most of the stars lack parallax measurements, we assumed the canonical distances to the associations for this calculation: 160 ± 15 pc and 178 ± 18 pc to Chamaeleon I and II, respectively (Whittet et al. 1997) , and 111 ± 5 pc and 97 ± 5 pc to the Cha and η Cha clusters, respectively (Feigelson et al. 2003). For T Cha and CV Cha, we used the distances inferred from their Hipparcos parallaxes as given in Table 5 .
The resulting space velocities are listed in Table 9 , as well as the velocities corrected for the velocity of the Sun with respect to the local standard of rest (LSR), assumed to be (U , V , W )=(−8.5, 13.38, 6.49) km/s. Figure 6 shows the histograms for the space velocities of the stars in the different associations.
Although this exercise is certainly affected by lots of uncertainties, especially in the stellar distances, the resulting space velocities confirm the membership of the stars in the different Chamaeleon associations to the young disk population, according to the prescriptions listed in Leggett (1992) . The histograms displayed in Fig. 6 further confirm the presence of different kinematical populations towards Chamaeleon. In particular, the stars in the Chamaeleon I cloud seem to display, as a sample, a different motion pattern from the rest. This is most evident in the Galactic centre-anticentre direction (U component), especially when the velocities are corrected with respect to the LSR (upper right panel of Fig. 6 ): While the mean U LS R -component of the Cha I moving group is negative (i.e. pointing to the Galactic centre), for the rest of associations this component is positive (i.e. pointing to the Galactic anticentre).
The stars in the two foreground clusters seem to have very similar space velocities, so the differences in proper motion observed in the vector point diagram of Fig. 1 seem to be mostly related to the different spatial location of both groups in the projected sky (separated by about 8.5
• ). This fact, together with the similar ages and distances of both associations, hints at a connection between them, as already suggested in the literature (e.g. Feigelson et al. 2003) . Indeed, the space velocities we obtain are in good agreement with published values (e.g. Zuckerman & Song 2004) , and with the membership of both clusters to the so-called "Local Association" (or "Pleiades moving group"), a coherent kinematic stream of young stars (ages ∼20-150 Myr) with embedded clusters and associations (such as the Pleiades, α Per or Scorpius-Centaurus) first postulated by Eggen (1975) . This is shown in Fig. 7 , where we show the location of the stars from Table 9 in the (U, V) and (V, W) planes, together with the location of the mean space velocities for several nearby young moving groups (ages 20-600 Myr; Montes et al. 2001) .
Interestingly, the stars in Chamaeleon II seem to have space velocities more similar to those of the foreground clusters than to the Chamaeleon I stars. However, the numbers are low, and the errors for most stars are large, as is the dispersion in the data. Better precision and statistics with larger samples are required to investigate the eventual relation of Chamaeleon II with the and η Cha associations, and to other young moving groups.
We close this section with some remarks on particular objects. First of all, we note that the usually quoted parallax for T Cha is 15 ± 3 mas, corresponding to a distance of only 66 ± 15 pc. This is the value included in the Hipparcos Main Catalogue (ESA 1997). However, the new reduction performed by (van Leeuwen 2007) provides a parallax of 6 ± 3 mas, corresponding to a distance of 160 ± 80 pc. The first value would place this star closer to the Sun than most of the members of the Cha association, and with quite discrepant space velocities, even when the errors are considered. In contrast, the most recent distance value is compatible, within the error, with the canonical distance to the cluster, and provides space velocities in relatively good agreement with T Cha being an Cha member. The same trend is observed if the space velocities are computed using the Hipparcos proper motions from Table 5 instead of the UCAC3 ones. Nevertheless, T Cha is seen detached from the group of Cha members in both planes represented in Fig. 7 , and, given the large uncertainties in the distance (i.e. in the space velocities), the membership of this star to the Cha moving group cannot be assigned with certainty.
Second, we note that the space velocities of CM Cha show relatively good agreement with those of other Cha members, when the mean distance to this cluster is used in the calculation. If the distance to Chamaeleon II is used instead, the resulting space velocities are quite discrepant from those of the only confirmed Cha II member with available space velocities. This further supports the hypothesis that CM Cha is a member of the Cha association, as suggested in Sect. 3.4. Even so, it must be noted that the velocity component in the direction of the Galactic poles (W) of CM Cha is quite different from the rest of Cha members, as it is pointing towards the northern instead of the southern Galactic pole. We note, though, that a handful of η Cha cluster members are also located in the same area of the (V, W) plane.
We made the same check with the two ROSAT sources discussed at the end of Sect. 4.1. RX J1158.5-7913, a potential interloper from the Chamaeleon I cloud in the sky area of the Cha members, has space velocities that are fully consistent with membership in the dark cloud, if the mean distance to it is used in the calculation. In contrast, the resulting space velocities when the distance to Cha is used are not consistent with membership in this cluster. On the other hand, RXJ1123.2-7924, whose proper motion looks compatible with both the Cha cluster and the Chamaeleon II cloud, has space velocities fully compatible with the foreground association. Fig. 8 . Enlargements of the map from Fig. 3 showing the Chamaeleon I and II areas in more detail (upper and lower panels, respectively). Figure 8 shows two enlargements of Fig. 3 in the location of the Chamaeleon I and II clouds. As noted in previous works, the sources belonging to the Cha I moving group tend to cluster around the two main cores containing the intermediate-mass stars HD 97300 (the northern core) and HD 97048 (the southern core). Luhman (2007) reports on a difference in isochronal ages of a few Myr between both cores, which he interprets as the result of two different bursts of star formation. We therefore checked whether any proper motion difference could be seen between the two cores. To this purpose, all the stars within a radius of 50 from one of the intermediate-mass star were defined as members of the corresponding core. This distance was chosen after inspecting the distance distributions from both intermediate-mass stars. At the UCAC3 precision, we found no obvious difference between the proper motions of both groups. No evident difference is seen either between the in-and the off-cloud populations, neither in proper motion moduli nor in proper motion directions. This seems to confirm that both samples belong to the same structure. It also suggests that the location of the outer sources is not the consequence of these objects being ejected from their parental birth sites.
Properties of the kinematic populations of the Chamaeleon dark clouds
Spatial location
We performed a similar analysis in Chamaeleon II, dividing the population in a northern group, located north-west of a dense core in the northern part of the cloud, and a southern group, located in and around a smallest core to the south. Again, we found no obvious difference between the proper motions of both groups. A comparison between the in-and off-cloud population is not possible in this case due to the low number of objects and the dubious proper motions of most of the sources located offcloud (leftmost sources in the lower panel of Fig. 8 ).
Physical parameters
As a next step, we investigated the possible correlations between the proper motions and the physical parameters of the objects. Luhman et al. (2008) performed an analysis of the spectral energy distributions (SEDs) of confirmed members of Chamaeleon I. A similar study of Chamaeleon II was presented by Alcalá et al. (2008) and Spezzi et al. (2008) . These works provide a classification of the confirmed members of the dark clouds into class III (diskless) sources, class II (disk) sources and so-called "flat-spectrum sources", which are thought to be halfway between class I (envelope) sources and class II sources. They also provide estimations of the effective temperature and bolometric luminosity of the objects. In total, we compiled values of physical parameters for 47 stars in Cha I and 14 stars in Cha II, whose properties are summarized in Table 10 . Only objects with reliable UCAC3 proper motions are included.
We used this information to look for correlations between the proper motions and the physical parameters of the objects. Figures 9 and 10 show the plots of the proper motion components versus T e f f and log L/L for the objects in both clouds. No trends are seen in the proper motion with either of the considered parameters. Since these properties are directly correlated with mass in young low-mass stars, this result suggests that the motion of the objects does not depend on their mass to the precision that we can prove with the UCAC3 data.
In Chamaeleon I, where this can be investigated, we do not find any correlation either between proper motion and the presence of a (primordial) circumstellar disk, or for objects with and without disks (class II and class III sources) separately. We note that similar studies in other star-forming regions also failed to find any correlation between the proper motion and the properties of the objects (e.g. Bouy & Martín 2009, LSJ11) . More accurate proper motion measurements and better statistics are required to reveal any eventual trend with the physical properties of young low-mass stars in these regions.
Conclusions
We have performed a kinematic study of the Chamaeleon clouds based on UCAC3 proper motions and radial velocities from the literature. Our analysis has led to the following conclusions:
-With the UCAC3 data, we were able to separate the several distinct kinematic groups that coexist in the Chamaeleon sky area: the Chamaeleon I and II dark clouds, the young Cha and η Cha associations, and the field contaminants. -Compiled radial velocity data from the literature showed that all the young stars have similar radial velocities, regardless of the association the objects belong to. It is not possible to discern membership to the different groups seen towards Chamaeleon on the basis of radial velocity information alone. -The stars in Chamaeleon I and II may have different kinematical properties, but this result must be confirmed with more precise proper motions. If true, the Chamaeleon II members would be moving faster in the tangential direction than the Chamaeleon I members. Because they are located at the same or a further distance, this would question the physical connection between both clouds. -The kinematical analysis confirmed the membership of almost all the studied objects to the corresponding associations. We only identified two possible interlopers from the Cha association in our list of Chamaeleon II members: CM Cha and Sz 60W. With the available data, we reclassified CM Cha as an Cha member. The nature of Sz 60W is more uncertain due to the big proper motion error, but given its spatial location and its isochronal age (2 Myr) we think it more likely that this object belongs to Chamaeleon II.
-We reanalysed a sample of X-ray detected stars towards the Chamaeleon sky area and confirmed that they constitute a mixture of different populations. After purging the sample of foreground and background contaminants and excluding the objects previously classified in the literature, we identified two stars as likely Chamaeleon I members, three as Cha members, and eight as η Cha members. We did not identify any Chamaeleon II members in this sample. -We checked the proper motions of candidate members of the Chamaeleon dark clouds from the literature, and confirmed one object, C1-14, as a probable member of Chamaeleon I. This would be one of the earliest type (i.e. most massive) stars in this dark cloud. In Chamaeleon II, we checked the proper motions of two candidate members listed by Spezzi et al. (2008) and of five candidate members from the list by Vuong et al. (2001) , and found it unlikely that any of them belongs to the dark cloud. -For those objects with available radial velocities, we computed the corresponding Galactic space motions. Our results confirm the different spatial motion of Chamaeleon I from the foreground associations. The data also hint at a difference in spatial motion between Chamaeleon I and II, further suggesting different origins for the populations in both clouds, but this has to be confirmed with better datasets. Fig. 10 . Same as Fig. 9 for Chamaeleon II.
-The space velocities for the and η Cha members and candidate members are in very good agreement with previous estimations in the literature, which identify these two clusters as part of the Local Association. Interestingly, the space motions of most of the Cha II members with available radial velocity measurements also look quite similar to those of the Local Association stars. It would be highly desirable to have a larger sample of stars with estimated space velocities in this dark cloud, in order to investigate the eventual relation between Chamaeleon II and the Local Association and to confirm or discard the different motion pattern from Chamaeleon I. -We investigated the relation between the proper motions and the published properties of the members and candidate members of Chamaeleon I and II, such as spatial location, the presence of circumstellar material, effective temperature, or luminosity, but we found no evident correlations. More accurate proper motions, combined with radial velocity information, may unveil possible hidden trends with the physical properties of the stars, undetectable with the precision of the proper motions used here.
Our work has shown how the use of kinematical information can complement photometric and spectroscopic data to constrain the selection of members of young star-forming clusters, minimizing the contamination of the samples. Currently available astrometric catalogues are deep enough to provide proper motions for a significant number of candidate members of nearby starforming regions precisely enough to disentangle true members, not only from background sources, but also from young stars in clusters overlapping in the line of sight. In a forthcoming paper (López Martí et al. in preparation), we will report on a search for new candidate members of the Chamaeleon clouds based on proper motion. Furthermore, the results obtained both in the present work and in our previous Lupus study illustrate the potential of using a VO methodology for analysing heterogeneous datasets in an efficient manner.
Most of the issues left unsolved in the present study are expected to get a definitive answer with the advent of the Gaia mission of the European Space Agency, whose launch is foreseen in 2013. Gaia will provide astrometric information with unprecedented precision for most of the stars in the samples studied here, remarkably improving our understanding of the kinematics, physical properties and formation process of the objects in the Chamaeleon associations.
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